INTRODUCTION
High-resolution NMR techniques have proved to be an invaluable tool in studying molecular conformations in solution. In particular, the vicinal coupling constants in 'H NMR spectra provide detailed structural information, since their magnitude is related to the conformation around the central bond, as was first postulated by Karplus.' The coupling constants in each staggered rotamer can be calculated with the Karplus equation, and the rotameric contributions to the experimental coupling constants can be determined. An essential requirement for this technique is the correct assignment of all proton resonances in the spectrum. This is usually a straightforward procedure, but difficulties are encountered for diastereotopic protons since they have only small chemical shift differences. This situation arises, for example, in the conformational analysis of nucleotide systems, where the assignment of H-5' and H-5" is crucial for discrimination between the g' and g-rotamers around the C-4'-C-5' bond (see Fig. 1 ) on the basis of the proton-proton coupling constants J(4'5') and J(4'5"). An incorrect assignment will result in approximately reversed populations for g' and g-. The correct identification of H-5' and H-5" in the NMR spectrum is also essential for the conformational analysis of the 0-5'-C-5' bond, based on the phosphorus-proton coupling constants J( P,H-5') and J(P,H-5") (see below).
For nucleotide-like systems, various methods have been used to arrive at a correct H-5'/H-5" assignment. The most exact method is the stereospecific replacement of one of the diastereotopic protons by deuterium, which can be achieved by enzymatic reactions using a deuterium source. Inspection of the 'H NMR spectrum * Author to whom correspondence should be addressed. will then directly show the correct assignment. However, this procedure is elaborate and time consuming. It has been applied by Ritchie and Perlin' to adenosine, by Gerlt and Youngblood3 to tetrahydrofurfuryl alcohol and, more recently, by Meulendijks et aL4 to phospholipid model systems. For DNA systems, Remin and Shugar' derived an assignment by taking into account the specific shielding effects on H-5' and H-5" due to the 3'-phosphate group. This was confirmed by the work of Davies and Rabczenko. 6 The fact that the gauche effect7 favours the g' conformation over the g-conformation in nucleotide systems has been used by Altona,' who derived an assignment from variable temperature studies on several di-and tri-nucleotides. On raising the temperature, the conformational preference shifts from the dominant gt rotamer mostly toward the g', and less toward the g-rotamer. In a similar way, Koole et aL9 compared tetrahydrofurfuryl and cyclopentanemethyl dimethyl phosphates, and assigned H-5' and H-5" to account for the presence of the gauche effect in the former systems. Koole et al." also observed that lower solvent polarities, which enhance 0-5'-0-4' charge repulsions, lead to the expected larger g-populations (with 0-5' and 0-4' trans) only for one assignment in an adenosine model system. All these techniques yielded the same assignment, which is generally used in conformational studies of this type, viz. H-5' resonates downfield from H-5" or 6,,> &,.
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In this paper we present a new method for assigning the resonances of these types of diastereotopic protons, which is based on conformational transmission.
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CONFORMATIONAL TRANSMISSION
Me
The conformational transmission effect describes the conformational change in a phosphorylated molecule that occurs when the phosphorus atom raises its coordination from four (PI") to five (P").'," The resulting trigonal bipyramidal (TBP) structure has a higher electron density on the axial ligands, and the enhanced electrostatic repulsions cause changes in the conformational preferences. A clear example is found in l and 2, In this analysis, the standard assignment was used for the protons H-5'/H-5" (see above). For P" compounds pseudorotation occurs,12 which results in a fast interchange of axial and equatorial groups. Therefore, the C-4'-C-5' conformation that is obtained directly from the spectrum is an average of the axial and equatorial conformations, which causes conformational transmission to be seen in an obscured way. However, on comparing the average conformations of the tetrahydrofurfuryl PIv and P" compounds 3 and 4 it is still obvious that the g-population increases on raising the phosphorus coordination' (see Table 1 ). Conformational transmission has also been found on going from PIv to Pv in the acyclic 2-methoxyethyl compounds 5 and 611 (see Table l ), which have the P-0-C-C-0 fragment in common with the tetrahydrofurfuryl compounds.
Comparing the populations in 3, 4 and 5, 6, we can conclude that the standard assignment for the diastereotopic H-5'/ H-5" protons has indeed been correct, since the reverse assignment would have led to an increase of the g' population instead of the g-population on going from 3 (PI") to 4 (P"). This process of comparing conformational transmission in symmetric acyclic and asymmetric cyclic compounds to arrive at an H-5'/ H-5" assignment is applied here to several other compounds.
The conformational analyses of the C-4'-C-5' bond are based on the modified Karplus relationship as developed by Haasnoot et aL13
In this equation, 4 is the proton-proton torsion angle, Axi is the Huggins ele~tronegativity'~ relative to hydrogen, corrected for P-substituents, and . $ is a substituent orientation parameter. Values of Pl-P, are listed for both cyclic and acyclic systems in Table 2 . As can be seen, for cyclic systems the influence of p-substituents is absent, since P 7 = 0 . The values of J(4'5') and J(4'5") can be calculated in each staggered rotamer (see Fig. l ), and population densities are obtained from the equations:
with the normalization equation
Of course, the two possible H-5'/H-5" assignments lead to two possible solutions for the conformational equilibria. In the acyclic compounds the conformational analysis is simplified by the absence of diastereotopic protons, and only one coupling constant J(4'5') is found. Since the H-4' and H-4" protons are identical, as well as H-5' and H-5", the rotamers g+ and g' are symmetryrelated (see Fig. 2 ), and their populations are always equal in acyclic systems.
RESULTS AND DISCUSSION
4 1-Methy1pyrrolidinyl)methyl PIv and Pv compounds
The four-and five-coordinated phosphorus compounds 7 and 8 are derived from the amino acid L-proline. The reduced and methylated form of L-proline, 2-( l-methylpyrrolidinyl)methanol, has been used to prepare highly efficient phosphine ligands for catalytic asymmetric reaction^,'^ and has served as a building block in asymmetric alkaloid synthesis.16 Compounds 7 and 8 are similar to the tetrahydrofurfuryl systems 3 and 4, with the endocyclic oxygen 0-4' replaced by N(CHJ.
In the acyclic systems 9 and 10, it has been shown that conformational transmission is present (see Tables  3 and 4) owing to an increased 0 -N electrostatic repulsion." We have now synthesized the corresponding cyclic systems, and determined their C-4'-C-5' conformations for the two possible H-5'/H-5" assignments (Tables  3 and 4) . The results clearly show that S,.< 6,. is the where C $ is the torsion angle P-O-5'-C-5'-C-4'. With these theoretical values (see Table 5 ) , one can derive the 0-5'-C-5' population densities from the following set of equations:
From the experimental data in Table 6 it is obvious that in the acyclic compound 9, where the values of J ( P,H-5') and J(P,H-5") are necessarily equal, the p' rotamer is dominant, while p' and p-have equal populations. In the cyclic system 7 the conformational equilibrium is also dominated by P', but now it is found that the p' and p rotamers have different population densities.
The correct assignment of the diastereotopic protons H-5'/H-5'' is now essential to discriminate P' and pproperly.
Tetrahydrofurfuryl Si'" and Si" compounds
The four-and five-coordinated silicon systems 11-14 are a different type of compound, where an S i t N transannular interaction creates a TBP structure in the silatranes 12 and chemistry, see Ref. 18 .1 These latter systems are of considerable interest, since they are biologically active with a broad spectrum of action." A conformational transmission effect has been established in the acyclic systems" (see Tables 7 and 8) , which is due to the transfer of electron density from the nitrogen lone pair via silicon to 0-5'. The conformational transmission appears to be stronger than in the phosphorylated tetrahydrofurfuryl systems, but it must be taken into account that in the silatranes 0-5' is always located in an axial position, while in the Pv systems pseudorotation distributes 0-5' over the equatorial and axial locations. Comparison with an axially located tetrahydrofurfuryl group [x(g-) = 0.68 (see above)] shows that the conformational transmission effect is actually smaller than in the corresponding phosphorus compounds. This is due to the fact that the bond between silicon and nitrogen is only a partial one (estimated to be one quarter of a silicon-nitrogen single bondz1).
It should be noted that four-coordinated systems with four Si-0 bonds are, in principle, better for comparison with the silatranes. This was accomplished for 13 by studying 15, which was found to have an identical C-4'-C-5' conformation to 13. However, in the cyclic case we were unable to obtain 16 in a pure form, and we therefore used the trimethylsilyl systems, as no difference in C-4'-C-5' conformation is expected.
16
For the cyclic systems 11 and 12, conformational analysis shows that only the assignment S5, < S5", or H-5'
upfield from H-S', is consistent with the conformational transmission behaviour (see Tables 7 and 8) . Here, also, a reverse assignment is found compared to the phosphorylated tetrahydrofurfuryl compounds. hydrofurfury1 Ge'" and Ge" compounds 'our-and five-coordinated germanium compounds D are related to the above-mentioned silicon sys-. For the five-coordinated germatranes, it is known L x-ray crystal structures that they also possess a structure with a TBP geometry around gerium. 22 The properties of these systems, however, :not been studied in great detail. The data that we here represent, to our knowledge, the first conforional study of germatranes in solution. since the Huggins electronegativities of germanium d silicon are equal,14 the calculated coupling constants Table 7 can also be applied here. In the acyclic system and 20 the C-4'-C-5' conformational analysis clearly jicates conformational transmission (see Table 9 ). is is direct evidence that the Ge+N transannular eraction, which was found in the solid state, is also esent in solution. The change in the population of the rotamer is similar to that found in the silicon systems -. Table 8 ). This indicates that the transfer of electron nsity to 0-5' due to the transannular interaction is .tually unchanged by substitution of silicon by gerInium. From the conformational analysis of the cyclic stems 17 and 18, and comparison with the acyclic mpounds, it is obvious that here, also, the correct signment must be 6,,< (see Table 9 ).
DNCLUSION
ie results presented here show that the conformational insmission effect can be a useful tool for identifying I NMR resonances of diastereotopic protons. We were Ile to obtain an assignment for phosphorylated tetrahy-,ofurfuryl and pyrrolidinylmethyl systems, and for lylated and germanylated tetrahydrofurfuryl comIunds. For the DNA-like phosphorylated tetrahy&xfuryl the assignment is in accordance with earlier udies (see above), but for the other three species a verse assignment is found. These results show the necessity for carefully checking the diastereotopic proton assignments in new types of compounds. The method described here can be of assistance in this process.
EXPERIMENTAL
Spectroscopy
'H NMR spectra were recorded at 300.1 MHz in the FT mode on a Bruker CXP-300 spectrometer equipped with an Aspect-2000 computer. Usually, 32K data points and a 1.5 kHz spectral window were used, resulting in an accuracy for line positions of 0.05 Hz. Samples were dissolved in acetone-d, (unless indicated otherwise) at a concentration of ca 5 mg ml-' in 5 mm NMR tubes, and measured at 300 K. Chemical shifts are related to tetramethylsilane (6 = 0). ,'P NMR spectra were run at 36.4 MHz on a Bruker HX-90R spectrometer with 85% H,P04 as external reference (6 = 0). dd, H-5'), 3.6 ( l H , dd, H-5'7, 3.7 (6H, t, OCHZ), 3.8
Synthesis
Tetra(2-methoxyethoxy)germane (19)
Through a mixture of 5 g (23 mmol) of germanium tetrachloride and 9.65 g (127 mmol) of 2-methoxyethanol in 50ml of dry benzene was passed 5 g (0.29mol) of ammonia. The ammonium chloride was removed by filtration, and the filtrate was concentrated. Distillation in vacuo yielded 7.39g (85'/0) of pure 19: b.p. 128 "C/0.4 mmHg. 'H NMR: 63.32 (12H, s, OCH,), 3.49 (8H, t, H-4'/H-4"), 3 .98 (8H, t, H-5'/H-5").
Tetra(tetrahydrofurfury1oxy)germane (17)
This compound was prepared from germanium tetrachloride (1.06 g, 5 mmol) and tetrahydrofurfuryl alcohol (2.01 g, 20 mmol) in toluene, according to the procedure described for 19. The crude product was pure enough to allow conformational analysis. 'H NMR: 61.5-1.9 (16H, m, H-2'/H-3'), 3.5 (8H, d, H-5'/H-5"), 3.6-3.9 (12H, m, H-4'/H-lf). A mixture of tetrametho~ygermane~' (3.06 g, 16 mmol), triethanolamine (2.32 g, 16 mmol) and tetrahydrofurfury1 alcohol (1.59 g, 16 mmol) in 50 ml of toluene was heated, and methanol was removed by distillation during 3 h. After cooling, 18 precipitated as a white solid. Filtration and drying yielded 2.78 g (54%). 'H NMR: 61.7-1.9 (4H, m, H-2'/H-3'), 2.96 (6H, t, NCH2), 3.50 (lH, dd, H-5'), 3.60 ( l H , m, H-4'), 3.62 (6H, t, OCH2), 3.76 ( l H , dd, H-5'9, 3.8-3.9 (2H, m, H-1').
